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The  a im  o f  t h i s  s t udy  has  been  t o  i nves t i ga te  t he  ro l e  o f
p i t ch  i n  pe rcep tua l  sepa ra t i on  o f  vowe l  sounds  f r om i n te r f e r i ng
b a c k g r o u n d  s o u n d s .  w h a t  h a v e  w e  l e a r n e d ?  I  w i l l  f i r s t  g i v e  a
sumnary  o f  t he  ma in  conc lus i ons  f r om th i s  t hes i s ,  f o l l owed  by
so rne  specuJ .a t i ons  rega rd i ng  t he  imp l i ca t i ons  f o r  no rma l  speech
c o m m u n i c a t i o n  s i t u a t i o n s .
The  accu racy  w i t h  wh i ch  L i s t ene rs  can  pe rce i ve  t he  p i t ch  o f
pe r i od i c  s i gna l s  d i s t u rbed  by  backg round  no i se  r " t as  i nves t i ga ted
in  t he  expe r imen t  desc r i bed  i n  Chap te r  I .  I t  was  f ound  t ha t
t h i s  accu racy  dec reased  when  t he  s i gna l - t o -no i se  ra t i o  was  de -
c reased .  D i f f e rences  i n  t he  f undamen ta l  f r equency  cou ld  neve r -
t h e l e s s  b e  d i s c r i m i n a t e d  r a t h e r  a c c u r a t e l y  ( 6 3 )  a s  s o o n  a s  t h e
s igna l  l eve l  was  j us t  r a i sed  above  masked  t h resho ld .  Th i s  shows
t h a t  p i t c h  i s  a t  l e a s t  a  p o s s i b l e  c l u e  f o r  s e p a r a t i o n  o f  a
pe r i od i c  sound  a t  1ow  s i gna l - t o -no i se  ra t i os .  I t  Í r r as  a l so  f ound
in  t ha t  expe r imen t  t ha t ,  espec ia l l y  f o r  vowe l  sounds ,  no t  on l y
t h e  r e s i d u e  p i t c h  b u t  a l s o  t h e  p i t c h  o f  a  s i n g l e  s t r o n g  s i g n a l
componen t  cou ld  be  dom inan t ,  i n  pa r t i cu l a r  a t  1ow  S /N  ra t i os .
A  mode l  o f  human  p i t ch  pe rcep t i on  -  t he  second  l i ne  o f
s t udy  -  was  i n t r oduced  i n  t he  second  chap te r .  A  s imu la ted  aud i -
t o r y  spec t run  was  cons t ruc ted  i n  t h i s  mode l  by  convo l v i ng  a
h igh - reso lu t i on  FFT  spec t rum o f  t he  sound  v r i t h  s t y l i zed  pu re -
t one  exc i t a t i on  pa t t e rns .  A  peak  de tec to r  de te rm ined  t he  f r e -
quenc ies  o f  s i gna l  componen ts  t ha t  h ' e re  r eso l vab le  i n  t h i s
spec t run .  A  ha rmon i cs  s i eve  p rocedu re  de te rm ined  wh i ch  f unda -
m e n t a l  b e s t  f i t t e d  t h i s  s e t  o f  r e s o l v e d  c o m p o n e n t s .  T h e  m o d e l
was  t es ted  on  i nha rmon i c  s i gna l s  and  on  t he  pe r i od i c  s i gna l s  i n
n o i s e  f r o m  t h e  f i r s t  c h a p t e r .  T h e  r e s u l t s  o f  t h e s e  t e s t s  h a v e
sho r . r n  t ha t  t he  quan t i t a t i ve  p red i c t i ons  by  t he  rnode l  we re  i n
qu i t e  good  ag reemen t  w i t h  t he  resu l t s  ob ta i ned  f o r  human
l i s t e n e r s .  I t  a p p e a r e d  t h a t  t h e  p i t c h  o f  a  s i n g l e  s t r o n g  s i g n a l
componen t  had  t o  be  t aken  i n t o  accoun t  t o  ob ta i n  good  p red i c t i -
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In  t he  t h i r d  chap te r  we  came  c l ose r  t o  ou r  ma j -n  po in t  o f  i n -
t e r e s t ,  v í 2 .  t h e  i d e n t i f i c a t i o n  o f  v o w e l - s  i n  n o i s e .  T h e  r e s u l t s
o f  t h e  l i s t e n i n g  e x p e r i m e n t s  r e p o r t e d  i n  C h a p t e r  I I I  h a v e  s h o w n
t h a t  i d e n t i f i c a t i o n  t h r e s h o l d s  o f  v o w e l s ,  m a s k e d  b y  p i n k  n o i s e ,
w e r e  d e t e r m i n e d  b y  t h e  d e t e c t a b i l i t y  o f  t h e  f i r s t  a n d  s e c o n d
f o r m a n t s .  I d e n t i f i c a t i o n  t h r e s h o l d s  w e r e  f o u n d  t o  b e  s y s t e m a t i -
ca l l y  l owe r  when  t he  onse t  o f  t he  no i . se  p receded  t he  onse t  o f
t he  vowe l  t han  when  t he  no i se  was  on l y  p resen t  du r i ng  t he
p r e s e n t a t i o n  o f  t h e  v o w e L .  T h e  d e t e c t a b i l i t y  o f  a  f o r m a n t  c o u l d
f a i r l y  w e l l  b e  p r e d i c t e d  o n  t h e  b a s i s  o f  t h e  s i g n a l - t o - n o i s e
ra t i o  i n  a  1 , / 3 -oc tave  band ,  r ough l y  r ep resen t i ng  t he  bandw id th
o f  t he  aud i t o r y  f r equency  ana l ys i s .  I t  was  f u r t he rno re  f ound
tha t  t he  i den t i f i ca t i on  sco re  f o r  a  vo i ced  vowe l  was  o f t en
h ighe r  t han  t ha t  f o r  i t s  unvo i ced  ve rs i on  a t  t he  sane  S , /N
r a t i o .  T h i s  m i g h t  i m p l - y  t h a t  t h e  c o r r e l a t i o n  t h a t  e x i s t s  b e -
t w e e n  t h e  h a r m o n i c s  i n  t h e  d i f f e r e n t  f o r m a n t s  o f  v o i c e d  v o w e l s
( i . e .  t h e  c o m m o n  f u n d a m e n t a l )  b u t  n o t  i n  u n v o i c e d  v o w e l s ,  f a c i -
l i t a t e d  i d e n t i f i c a t i o n  o f  t h e  v o i c e d  v o w e l s .  A  t e s t  o f  a  s i m p L e
vowe l  c l ass i f i e r  t ha t  was  l i n ked  t o  t he  mode l  o f  p i t ch  pe rcep -
t i on ,  showed  p rom is i ng  pe r f o rmance  i n  i den t i f y i ng  t he  vowe l s  i n
n o i s e ,  t h o u g h  t h e  t e s t  w a s  r a t h e r  I i m i t e d .
E x p e r i n e n t s  o n  t h e  i d e n t i f i c a t i o n  o f  t w o  s i m u l t a n e o u s  v o w e l s
w e r e  d e s c r i b e d  i n  C h a p t e r  I V .  T h e  r e s u l t s  o f  t h e s e  e x p e r Í m e n t s
h a v e  s h o w n  a  s u r p r i s i n g  a b i l i t y  o f  t h e  l i s t e n e r s  t o  i d e n t i f y
bo th  vowe l s  i n  a  s t imu lus  co r rec t l y  even  i f  bo th  vowe l s  had  t he
same  fundamen ta l  f r equency  o r  when  t hey  r , r e re  bo th  unvo i ced .  The
i d e n t i f i c a t i o n  s c o r e s  o n  v o i c e d  v o w e l s  c l e a r l y  i r n p r o v e d  w h e n
t h e  d i f f e r e n c e  b e t w e e n  t h e i r  f u n d a m e n t a l s  w a s  i n c r e a s e d  t i l t
o v e r  1  s e r n i t o n e .  I t  w a s ,  h o w e v e r ,  a l s o  f o u n d  t h a t  b e s t  p e r f o r m -
ance  d i d  no t  r each  t he  va lues  t ha t  cou ld  be  expec ted  on  t he
b a s i s  o f  t h e  i d e n t i f i c a t i o n  s c o r e s  o n  t h e  i n C i v i d u a l  v o w e l s  i n
q u i e t .  A n  i n t e r p r e t a t i o n  o f  p e r c e p t u a l  s e p a r a t i o n  i n  t e r m s  o f  a
" p r o f i l e  a n a l y s i s "  o f  t h e  s p e c t r a  o f  t h e  s o u n d s  w a s  p r o p o s e d  t o
e x p l a i n  t h e s e  r e s u l - t s .  S i m u l t a n e o u s  v o w e l s  a r e  s u p p o s e d  t o  b e
i d e n t i f i e d  i n  t h i s  i n t e r p r e t a t i o n  b y  a  c o m p a r i s o n  o f  a  g r o s s
i m a g e  o f  t h e  s p e c t r a l  e n v e l o p e  ( t h e  p r o f i l e )  o f  t h e  c o m p o u n d
I
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s i g n a l  w i t h  s t o r e d  p r o f i l e s  o f  t h e  i n i l i v i d u a l  v o w e l s .  D i f f e r -
ences  be tween  t he  f undamen ta l  f r equenc ies  o f  t he  two  vowe l s
we re  supposed  t o  l ead  t o  a  sepa ra t i on  o f  t he  p ro f i l e  i n t o
(ma in l y  l ow - f r equency )  pa r t s  t ha t  be l - ong  t o  d i f f e ren t  vowe l s
and  pa r t s  t ha t  may  be long  t o  bo th  vowe l s .
An  a t t emp t  has  been  made  t o  i Tnp lemen t  t h i s  concep t  o f  p ro -
f i l e  ana l ys i s  i n  an  ex tens ion  o f  t he  mode l  o f  p i t ch  pe rcep t i on
and  o f  t he  vowe l  c l ass i f i e r .  Th i s  a t t emp t  was  hampered  by  t he
fac t  t ha t  no  da ta  we re  ava i l ab l e  on  t he  mu l t i p l e  p i t ches  t ha t
I  i s t ene rs  can  pe rce i ve  i n  s i nu l t aneous  vo i ced  vowe l s .  These
da ta  cou ld  a l so  no t  be  ob ta i ned  w i t h i n  t he  scope  o f  t h i s  r e -
sea rch  p ro j ec t .  A  compar i son  be tween  t hê  p i t ch  es t ima tes  by  t he
mode l  and  t he  f undamen ta l s  a t  wh i ch  t he  s i gna l s  we re  gene ra ted ,
has shown that  the model  could est imate one of  the thro funda-
men ta l s  co r rec t l y  i n  a l r nos t  a l l  s t imu l i .  Th i s  and  t he  no t  so
poo r  pe r f o rmance  i n  es t i na t i ng  bo th  f undamen ta l s  co r rec t l y  l ed
me  to  assume  tha t  t he  app roach  t o  mode l l i ng  p i t ch  pe rcep t i on ,
u s e d  i n  t h i s  s t u d y ,  r e p r e s e n t s  a  p r o m i s i n g  l i n e  o f  r e s e a r c h .
The  vowe l  c l ass i f i e r  cou ld  p red i c t  a t  l eas t  one  vo \ " / e l  co r -
r ec t l y  i n  a lmos t  a l l  s t imu l i .  Pe r f o rmance  on  bo th  vowe l s  co r -
r ec t  f o r  unvo i ced  pa i r s  was  i n  good  ag reemen t  w i t h  t he  ave rage
pe r fo rmance  o f  t he  l i s t ene rs .  The  sco res  on  vo i ced  vowe l s ,  how-
eve r ,  Í , r e re  l owe r  t han  t hose  f o r  t he  l i s t ene rs  and  t he  i nc rease
in  pe r f o rmance  w i t h  i nc reas ing  f o  d i f f e rence  be tween  t he  s imu l -
t aneous  voweLs  f ound  f o r  t he  l i s t ene rs  cou ld  no t  be  p red i c t ed .
A  f u r t he r  t es t  us i ng  a  ve rs i on  o f  t he  node l  i n  wh i ch  t he  p res -
ence  o f  two  sounds  was  no t  p resupposed ,  y i e l ded  be t t e r  r esu l t s .
Th i s  l ed  me  t o  assume  tha t  i n  t he  aud i t o r y  sys tem,  i den t i f i ca -
t i on  i s  no t  pe r f o rmed  a f t e r  sepa ra t i on  o f  t he  spec t ra l  i n f o rna -
t i on .  I n  o the r  wo rds :  i f  some  comb ina t i on  o f  a  subse t  o f  f c r -
man ts  de tec ted  wou ld  y i e l d  a  poss ib l e  vowe l  sound ,  t h i s  vowe l
may  be  i den t i f i ed .  Th i s  wou l -d  no t  on l y  exp la i n  t he  f i nd i ng  t ha t
t h e  l i s t e n e r s  c o u l d  i d e n t i f y  a t  l e a s t  o n e  v o w e l  c o r r e c t l y  i n
a lmos t  a l l  comb ina t i ons  bu t  a l so  t he  be t t e r - t han -chance  sco re
on  t he  second  vowe l  because  t he  rema in i ng  ex t r a  f o rman ts  wou ld
a l l ow  t hem an  educa ted  quess  on  t ha t  vowe l .  The  ro l e  o f  p i t ch
-l
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d i f f e rences  m igh t  t hen  be  t o  i nd i ca te  t o  t he  i den t i f i ca t i on
p rocess  t ha t  t he  s i gna l  compr i ses  more  t han  one  sound .  Fu r t he r -
mo re ,  p i t ch  d i f f e rences  can  a i d  t o  de te rm ine  wh i ch  f o r Í f l an t s
be long  t o  t he  same  vowe l  and  wh i ch  do  no t .  Pa i r s  o f  unvo i ced
v o w e l s  w e r e  f o u n d  t o  b e  r n o r e  d i f f i c u l t  t o  i d e n t i f y .  T h i s  m i g h t
mean  t ha t  t he  p ro f i l e s  o f  such  vowe l s  a re  l ess  we l l  de f i ned
than  t hose  o f  vo i ced  vowe l s  o r  t ha t  i t  i s  mo re  d i f f i cu l t  i n
such  s i gna l s  t o  g roup  f o rman ts  t oge the r  as  be long ing  t o  one
vowe  1 .
Summar i z i ng ,  t he  conc lus i on  i s  d rawn  t ha t  f o rman t  de tec t i on
and  c l ass i f i ca t i on ,  and  p i t ch  p rocess ing  a re  t v ro  impo r tan t  p ro -
cesses  i n  pe rcep tua l  sepa ra t i on .  The  two  mechan i sms  a re  seen -
i ng l y  i ndependen t .  The  f o r rnan t  p rocesso r  p robab l y  ope ra tes  on
t h e  s p e c t r a l  e n v e l o p e  o f  t h e  s i g n a l ,  w h i l e  t h e  p i t c h  p r o c e s s o r
ope ra tes  on  t he  spec t ra l  f i ne  s t r uc tu re .  They  can  suppo r t  êach
o the r  t o  some  ex ten t .  On  t he  one  hand ,  t he  f o rman t  de tec to r  can
ind i ca te  t o  t he  p i t ch  p rocesso r  i n  wh i ch  f r equency  reg ions  ha r -
mon i cs  f r om one  f undamen taL  can  be  f ound .  On  t he  o the r  hand ,
reg ions  w i t h  a  d i f f e ren t  ha rmon i c  s t r uc tu re  f ound  by  t he  p i t ch
p rocesso r  can  be  an  i nd i ca t i on  t o  t he  f o rman t  c l ass i f i e r  t ha t
componen ts  f ound  i n  t hose  reg ions  p robab l y  be long  t o  ano the r
sound .  t l o re  i n  gene ra l ,  i f  t he  p i t ch  p rocesso r  de tec t s  two  d i f -
f e r e n t  p i t c h e s ,  t h i s  c a n  b e  a n  i n d i c a t i o n  t o  t h e  f o r m a n t  c l a s -
s i f i e r  t o  sea rch  f o r  r no re  t han  one  sound .
T h e  r e s u l t s  f r o m  t h e  l i s t e n i n g  e x p e r i m e n t s  c o u l d  i n  g e n e r a l
be  f a i r l y  h re l l  p red i c t ed  us i ng  a  r a the r  s imp le  power - spec t run
node l .  To  p red i c t  t he  resu l t s  o f  t he  expe r imen ts  on  pe rcep tua l
sepa ra t i on  o f  s i nu l t aneous  vowe l s ,  howeve r ,  ano the r  way  t o  con -
s t r uc t  t he  spec t ra l  enve lope  o f  vo i ced  vowe l s  shou ld  be  dev i sed
fo r  t he  mode I .  I  expec t  t ha t ,  i n  comb ina t i on  w i t h  ano the r  c r i -
t e r i o n  f o r  t h e  d e t e c t i o n  o f  m u l t i p l e  p i t c h e s  w i t h o u t  u s i n g  t h e
assump t i on  o f  t he  p resence  o f  one  o r  mo re  sounds  i n  t he  s i gnaL
t h a t  i s  a n a l y z e d ,  b e t t e r  p r e d i c t i o n  o f  t h e  r e s u l t s  f o r  I i s t e n -
e r s  c o u l d  b e  o b t a i n e d .
I n  no r rna l  commun i ca t i on  s i t ua t i ons ,  bo th  p rocesses  can  be
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f r equenc ies  and  t he  f undamen ta l  f r equency  o f  speech  sounds  va ry
re l a t i ve l y  s l ow l y .  Th i s  who le  sys tem can  expec ted  t o  be  supe r -
v i sed  by  a  men ta l  mon i t o r i ng  f unc t i on  wh i ch  can  gu ide  e i t he r
p r o c e s s  i n  s o m e  d i r e c t i o n ,  f o l l o w i n g  e x p e c t a t i o n s  b a s e d  o n ,  f o r
i ns tance ,  con t i nu i t y  cons t ra i n t s ,  s yn tac t i c  r u l - es  and  t he  con -
t e x t  ( s e e  t h e  i n t r o d u c t i o n  t o  t h i s  t h e s i s ) .  I t  w a s  a l s o  f o u n d
tha t  when  t he  onse t s  o f  two  s imu l t aneous  sounds  we re  d i f f e ren t
( C h a p t e r  I I I ,  s e e  a l s o  S c h e f f e r s ,  1 9 7 9 ) ,  p e r c e p t u a l  s e p a r a t i o n
was  f ac i l i t a t ed .  A  nechan i sm tha t  can  s to re  t he  p ro f i l e  o f  t he
f i r s t  sound  and  can  compare  t ha t  p ro f i l e  wh i ch  t ha t  o f  t he  com-
pound  sound  cou ld  exp la i n  t h i s  e f f ec t .  Such  onse t  d i f f e rences
w i l l  occu r  f r equen t l y  i n  no rma l  s i t ua t i ons .  The  coope ra t i on  be -
t h reen  a1 l  t hese  va r i ous  p rocesses  and  expec ta t i ons  may  exp la i n
the  ease  w i t h  wh i ch  l i s t ene rs  can  sepa ra te  s imu l t aneous  sounds .
RECOMMENDATIONS FOR FURTHER RESEARCH
Dur i ng  t he  s tudy  repo r t ed  i n  t h i s  t hes i s ,  I  have  come  ac ross
a  number  o f  i n t e res t i ng  ques t i ons ,  t he  i nves t i ga t i on  o f  wh i ch
Ínay  cas t  add i t i ona l -  L i gh t  on  t he  p rocesses  unde r l y i ng  pe rcep tu -
a l  sepa ra t i on  o f  s imu l t aneous  sounds .  Some  o f  t hese  i s sues  f e l l
beyond  t he  scope  o f  t h i s  s t udy ,  o the rs  beyond  i t s  t Íme  schê -
d u l e .  A  n u r n b e r  o f  i s s u e s  w i l l  b e  q i v e n  b e l o w  i n  c o n c l u s i o n  t o
t h i s  t h e s i s .
P i t ches  evoked  by  s i nu l t aneous  vowe l s .  Th i s  s t udy  w i l l  be
necessa ry  be fo re  a  dec i s i on  can  be  made  on  f u r t he r  mod i f i ca -
t i ons  o f  t he  mode1 .  The  bes t  way  t o  measu re  t he  mu l t i p l e
p i t ches  t ha t  l i s t ene rs  may  pe rce i ve  i n  s imu l t aneous  vowe l s  i s
p robab l y  by  us i ng  a  ma tch ing  t ask .  The  res i due  p i t ches  cou ld  be
es t ima ted  by  ma tch ing  t he  p i t ch  o f  such  a  sound  t o  t ha t  o f  a
pu l se  t r a i n .  P i t ches  evoked  by  i nd i v i dua l  ha rmon i cs  can  be  de -
t e rm ined  by  ma tch ing  w i t h  t he  p i t ch  o f  a  pu re  t one .  The  l a t t e r
expe r imen t  wou ld  be  a  r a the r  ex tens i ve  one  i f  we  wou ld  l i ke  t o
ge t  i ns i gh t  on  t he  s t r eng th  o f  each  o f  t hese  p i t ch  pe rcep t s .
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